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Blood Substitutes...An Overview

oood oogd

A Gerson Greenburg, MD PhD
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It is with the greatest pleasure and a distinct honor to
welcome you, the community of scholars and investigators in
the field of Blood Substitutes, to Providence and the Brown
Campus for this, the 10" International Symposium on Blood
Substitutes. From far and wide, all continents are
represented and | am extremely gratified by the response of
scientists and clinicians to the call for this meeting. Since |
was named President of this congress when last we gathered
in Tokyo at the superb meeting hosted by Drs Kobayashi
and Tsuchida | have spent many an hour worried about how
to make this a memorable event. In the end, my anxieties
were eased considerably once the abstracts began to arrive.
The volume and the quality of those submissions let me
know that the meeting would be excellent. The contributions
of many of you, the community of "blood substitute" scholars,
are what will make this meeting outstanding, not any special
effort or contribution of mine.

We are a small group of investigators working in a highly
specialized area of interest with input from many different
scientific disciplines, a necessary multidisciplinary approach
that is required as we go about resolving issues related to
replacement of blood. Over the past 30 years or so, at the
nine previous symposia and between them, we have come to
know each other intellectually and socially. Together and
alone, along different paths academic and commercial, we
have forged progress in the field. Each of us or our groups
pursues different aspects of the many inter-related issues,
each creates or works with conceptual models of what should
be and each applies different interpretations of seemingly
basic physiology to support our own pet theory or hypothesis
about large picture or detailed problems. With all that has
been accomplished, and there has been a great deal, together
we still face significant barriers with great odds accumulating
against success.

Despite the barriers real or perceived, the objective, the aim
of the effort, the goal of creating a usable and useful, safe and
effective substitute for BLOOD, that "very special juice", as
Goethe noted in Faust, continues to be our collective
objective. This meeting, perhaps more than any of its
predecessors, with its outstanding contributions,
demonstrates and displays the progress we have made
towards reaching that here-to-fore elusive objective.

We all know that blood has many components and indeed
many functions. As a solution or with its many parts it serves
many roles: vascular volume, oxygen delivery, cellular and
protein clotting factors and elements of the host-defense
mechanism. It also affords oncotic and osmotic properties to
balance compartment volume and help in maintaining
electrolyte balance. The idea of a "blood substitute" seems
almost enigmatic for replacing all of these known functions
with a single solution would appear on the surface to be
somewhat problematic. .

Years ago, at one of our earlier gatherings, | challenged the
use of the term "blood substitute", perhaps naively, when
describing the work being done at the time. The field was
then primarily focused on exploration of oxygen carrying
vascular volume expanders, "red colloids" with osmotic
properties. If acellular solutions without oxygen delivery
capability were effective resuscitation fluids, consider how
much better it might be if that solution had the ability to
carry and deliver oxygen to the oxygen starved tissues to
allow restoration of normal metabolic processes. I want you
to hold that thought knowing that | will return the historical
aspects in a few moments.

The "modern era" of blood substitutes begins with the
seminal work of Dr Thomas Chang, the honorary President of
this symposium, with his 1957 effort describing neo-
hemocytes and the 1964 work describing cross linking of
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hemoglobin to create a poly-hemoglobin for incorporation into
those synthetic cells. This morning Dr Chang will bring you
up-to-date on his latest work; his work that is on the forefront
and cutting edge of the field. The work he will describe is as
much a product of what we, collectively, have learned about
substitutes for blood as it is an object lesson in application of
what we have learned over the years about the role of
oxygen as the vital force for cell, organ and organism
survival. We are after all obligate aerobic organisms; we
need oxygen to survive.

The role of an oxygen dependent physiology with
perturbations imposed by various clinical disease states with
altered physiologic conditions becomes an issue for
consideration whenever one contemplates the design of
newer generations of "blood substitutes". With our greater
appreciation and expanding knowledge of the
pathophysiology of shock and ischemia, reperfusion injury
and cellular metabolism in health and disease, it is clear that
the notion of a "red colloid with oxygen carrying capacity" as
a blood substitute may have more than one useful application.
With an ever expanding knowledge of the clotting
mechanism and the immune /host-defense systems additional
challenges for replacement or understanding physiologic
interactions provide alternative pathways for application,
apart from the path to clinical application in shock and
trauma. The more we learn about the systems involved and
the properties of any of the blood substitute solutions the
more complicated become the interpretation of outcomes and
adverse events. New knowledge adds complexity to the
general problem, further complicating the task of generating
a single solution for all applications. That is not to be viewed
as a bad conclusion for it may be that a family of "blood
substitutes”, each with specific activity, is likely to achieve
clinical application; component therapy if you will, an
approach not dissimilar from the way that blood and blood
products are currently used.

The history of "blood substitutes" is really quite interesting,
indeed fascinating from many perspectives. Some day, when
older and grayer, | plan to compile a definitive history of our
field; however, that day has not, as yet, arrived. That the
history of blood substitutes would be closely intertwined with
the history of blood transfusion should come as no surprise to
anyone here. The details of that interaction are a tale too long
to relate here.

In the 1930s Amberson clearly laid out the issues that needed
to be addressed and resolved in the process of developing a
clinically acceptable " blood substitute". While he was able to
demonstrate that a cat whose complete blood volume was
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replaced with a very crude-- by today's standards--solution of
hemoglobin could land on its feet if dropped from a height, he
was also keenly and perceptively aware of the many issues
that needed resolution before a clinically viable solution could
appear. Unfortunately for him, the science and the
technology of the times could not support an appropriate
exploration of the concepts he proposed. It was nearly 60
years later that the issues Amberson raised could be
addressed in earnest. By then, technology to create pure
hemoglobin solutions was available, structure function
relationships of proteins were gaining an appreciation from
the scientific world, site directed chemical modification of
proteins was being explored and the dream of substitute for
blood, at least one element of that complex solution, seemed a
certainty.

But knowledge spawned problems. As the knowledge base
grew more unanswered and unanswerable questions arose
with respect to the solutions and the applications. The result:
the creation of a stringent cascade of required additional pre-
clinical and clinical studies to be accomplished before
licensure for clinical use would occur. Establishing a profile of
safety and efficacy became an essential element of the
commercialization of some very well characterized candidate
solutions. How and why some of these solutions failed in the
more advanced stages of clinical testing poses some
interesting questions, some of which might be addressed if
not answered over the next few days. Of course, valid testing
requires certain criteria to be met, especially the selection of
appropriate control groups identified and defined measures of
efficacy built into the model systems. A lingering concern has
been the ability of pre-clinical studies to predict the adverse
events noted in some of the human trials dating back to the
late 1970s.

Progress in the field can be found in the literature including
the open roads, detours and dead ends. It is all accumulated
there in one form or another. The literature on "blood
substitutes”, a term used to search PubMed and Ovid,
accounts for approximately 0.2% of the literature in those
databases. Two of every 1000 papers deal with our field. This
is obviously a partial list, subject to the vagaries of the coders
at the National Library of Medicine and likely has missed
many symposia presentations and the like. About 50% are
somehow related to "human studies"-probably because the
hemoglobin in use was from a human source-and 19% are
review articles. It seems there are writers who like to
assemble the data and add their own interpretation to the
accumulated literature. Approximately 40% of the literature
has appeared in the past 9 years, 48% somehow linked to
human studies-highly doubtful-and nearly one-third review
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articles. Successes and failures, triumphs and false starts,
they are all out there to be found if you look.

Skeptics still question whether hemoglobin is nephrotoxic.
The notion of nephrotoxicity arose when Sellards and Minart
in 1911 infused lysed red blood cells into subjects and noted
red urine and renal failure. They were using the knowledge
of the times, as poor as it was. From this study the urban
legend of hemoglobin renal toxicity has persisted despite the
enormous volume of clinical data that shows chemically
modified hemoglobins do not have nephrotoxicity, period.
How to expunge this misinformation from the literature and
the teachings in medical schools is a subject worthy of
consideration, but not here.

In the early days of the modern era, early 1970s, there were
concerns about coagulopathy associated with the hemoglobin
solutions. This turned out to be mostly a technical issue
related to how well the red cell stroma was removed in the
manufacturing process. When residual cell wall phospholipids
were present a variety of coagulopathies were observed.
Newer technology, better preparation methods, improved
chromatography and filtration methodologies have all but
eliminated this as an issue. Many of the newer hemoglobin
solutions start with a very pure solution of hemoglobin Al,
providing a stable substrate more amenable to chemical
modification. And chemical modification is alive and well as
many papers at this meeting will attest. Whether by
chemistry or recombinant technology chemically modified
hemoglobins appear here to stay for the modification is what
drives the prolongation of intrvascular half life and perhaps
improves the oxygen delivery capability of the cell free
solutions. Site directed, specific chemistry provides testable
solutions of constant composition, a real advantage for
advancement of the field.

A host of polymerization schema quickly followed
modification of the structure-function relationship of the four
chains of the hemoglobin molecule through the use of a DPG
analog and reduction chemistry. The idea was to create a
hemoglobin with better functional properties and an
improved intravascular persistence. | selected PLP in 1973
because it was available and less costly than some of the
other analogs of DPG, nucleotide and nucleoside phosphates,
we had evaluated.

Without the contributions of the Beneschs' chemical
modification of hemoglobin might have waited another
decade or two; the DPG story is integral to the development
of the modern hemoglobin based substitutes now in various
stages of development and testing.

Along the way other interesting approaches to creating
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oxygen-carrying solutions were tried. In retrospect, many of
these approaches were of unique academic interest to the
chemists but not likely to attain clinical application even if
pushed beyond the laboratory scale effort. Examples include
a variety of porphyrin derivatives with very short half life in
the circulation and cobalt based oxygen binding substituted
porphyrins that had the distinct characteristic of changing
from blue to yellow in the transition from oxy to deoxy, or
the reverse..not particularly practical but very interesting
chemistry!

All sorts of interesting questions about blood substitutes,
especially the hemoglobin-based fluids have been addressed
over the years.... some with resonance related to application
and others perhaps purely intellectual inquiry or even
speculation.

The chemistry of polymerization, the means of prolongation
of intravascular persistence, has its own long story. And, of
course, it has a whole series of questions related to the
process from composition of the solution to the critical area of
Absorption, Distribution, Metabolism and Excretion, ADME.
Should it be site specific or generic? Is there an ideal
molecular weight or weight distribution of the modified
hemoglobin in solution? Does it matter, clinically? And if so,
how? As we will learn later this week, lower animal forms
exist with very large hemoglobin molecules as their oxygen
carriers. Has the time come to reconsider what the polymer
and solution should look like? Should the normal sigmoidal
shape of the oxyhemoglobin dissociation curve be preserved?
What happens when it is not? If the relationship loses its co-
operativity will there be a detectable clinically relevant
impact on oxygen delivery? Can the curve be shifted too far
to the right, off loading the oxygen too easily leading to
"oxygen toxicity" however one elects to define that term?
These are but a few of the many unanswered questions that
reappear with regularity; solid reliable answers are still being
sought.

We know animals with near total exchange transfusion with
ordinary, low P50 stripped hemoglobin can and will survive
as Rabiner and Peskin noted in 1967. Why then is there an
imperative to improve on this observation when translating
the work into the clinical arena? One obvious answer would
be, somewhat cynically, "humans are poor models for our
animal experiments" and not be far from the truth. Another
possible response lies in the fact that when a hemoglobin
based red cell substitute is actually available, its use-
independent of its labeled indications--will likely be far
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broader than anticipated. The duration of persistence and the
ability to deliver oxygen to normal tissues to avoid
compromise and possibly rescue some ischemic tissue are
directly related to the clinical situation at hand. There are
times when longer persistence is desirable and other times
when that may not always be the case. The blood substitute,
in this instance a hemoglobin solution, may be life sustaining
until definitive therapy can be effected or it may be a
temporary application until bleeding has been controlled and
red cells are available.

Will the acellularity of these solutions be important in some
applications? One would like to think so. The idea of ischemic
rescue of brain or myocardium subjected to loss of blood flow
remains valid. Whether the encapsulated hemoglobin
materials will be effective in this application will depend on
many things, some of which will be discussed here this week.
Hemoglobin based substitutes have the unique property of
being able to scavenge nitric oxide, NO, a very potent
vasodilator. NO is known to be elevated in sepsis. Could the
hemoglobin-based solution be helpful in this clinical situation?
Experimental data would indicate a real potential area of use
and since many patients in our modern hospitals succumb to
sepsis this would be a significant contribution to clinical
medicine.

Over the next few days we will be hearing a great deal more
about these oxygen carrying solutions. Aspects of their
design to minimize NO affinity while not interfering with
oxygen delivery through a variety of means will be noted.
Genetic engineering of the hemoglobin molecule to achieve
specific properties considered good in terms of proposed
applications will be discussed. Manufacturing of hybrid
molecules, chimeras if you will, half bovine half-human to
optimize the special properties of each with or without
additional modification will be presented. Creation of oxygen
carrying proteins, heme-albumin compounds is an attractive
alternative worthy of consideration.

Obtaining a constant and safe source of hemoglobin remains
problematic. The costs involved in a recombinant program
whether it is bacterial culture, yeast production, plant or
genetic modification of mammals is believed to drive the cost
of a gram of product to unsustainable levels in a competitive
market. And that statement assumes a better safety and
efficacy profile than the control group, what ever that is.
Addressing these issues over the years has been and
continues to be exciting to me; and addressing them still
poses many challenges. We are rich in science, and our field
has drawn newcomers with fresh ideas. | look forward to
watching all of this play out over the next few years.

Of course, there is competition from a variety of quarters
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including the entire concept of transfusion medicine and the
indications for transfusion of red cells. It remains clear that
blood and blood product use is highly varied and inconstant
from surgeon to surgeon and institution to institution within
and between countries. Despite the publication over a decade
ago of 5 different guidelines for the use of blood and blood
products, little has changed with respect to blood usage. The
educational efforts have not had a major impact as yet.
Changing habits and behaviors long held is a most
complicated task.

And yet, there is the perception from many quarters that a
substitute for blood is something the world needs as the
supply decreases and use is curtailed by concerns about the
safety of the blood that is available.

Interest in perfluorocarbons has not died, just faded
somewhat from the picture. The literature of the 1960s and
early 1970s has a great deal of information about them. They
continue to have great potential and many of the most recent
advances are presented here this week. They remain an
interesting potentially viable work in progress. The
chemistry is interesting, the non-biologic properties desirable.

There is a great deal of interest in the current efforts
exploring artificial platelets and coagulation factors. A
number of sessions at this meeting have been incorporated
into the program to discuss this exciting and provocative
area. We have assembled some of the world's experts in this
emerging field to present their work and discuss applications
as this area of interest and need expands.

Many other aspects of "blood substitutes" are on the menu
the next two and a half days. We have poster sessions,
workshops plenary sessions and lectures, paper presentations
and a great deal of time for interaction with old friends and
the making of new ones.

This is a very large and complex program with many topics
and material of general and specific interest for all of you.

We will be hearing of developments from around the world, a
true international approach to the sharing of information and
ideas. Our intent is to cover the field as it exists today and,
being repetitive, it is your contributions that have made this
program what | consider an outstanding forum....

This is a time to learn, think, conceptualize and hopefully
incorporate new ideas into the creative effort. If that does
occur in the near or long term, if you have one idea that goes
forward as a result of attending this meeting my colleagues
and | will have succeeded in our mission.

Thank you....
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Abstract

Preclinical tests for liposome encapsulated hemoglobin as a new oxygen carrier are being almost completed. Some companies
have intended to carry it on manufacturing system and then to design its phase | clinical trial in the near future. Accordingly it
is necessary and useful at the present time that safety and efficacy of artificial oxygen carrier as an erythrocyte substitute
should be defined and also its manufacturing process should be proposed from scientific and ethical view point. Recently The
Scociety of Blood Substitutes, Japan” presented a guidance for its requiring properties and manufacturing system. This review
introduced the guidance and attempted to interpret in its details, such as physicochemical and biological properties of the
liposome-encapsulated hemoglobin, evaluation for influence on vital functions in experimental subjects after its administration,
establishment of consistent processing and qualifying system. This review looked over further clinical use, such as
hemodilutional autologous blood transfusion or treatement for unexpected, massive bleeding, of artificial oxygen carriers at the
first step.

Keywords
guidance, artificial oxygen carrier, manufacturing system, ethics, clinical application, qualification, property
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Abstract

A liposome-encapsulated hemoglobir] LipoHbOwith low oxygen affinity] P, = 40-50mmHghas been developed. The purpose of
this study was to evaluate the effects of the LipoHb on cerebral ischemia in the following three rat models] Alnine minutes
normothermic incomplete forebrain ischemiad BO15 minutes hypothermidl 22 0O Oincomplete forebrain ischemia andd CO
retrograde cerebral perfusiorid RCPOduring hypothermic circulatory arresti HCAO After pretreatment with LipoHb,
normothermic or hypothermic forebrain ischemia was induced by bilateral carotid artery occlusion combined with a decrease in
the mean arterial pressuré] MAPOto 40 mmHg by blood withdrawal. 31P-magnetic resonance spectroscopy was performed
during ischemia and 60 minutes of reperfusion. After normothermic forebrain ischemia, the pHi recovery to preischemic levels
was significantly more rapid in the LipoHb group than in the RBC group during reperfusion. However, hemodilution with high
P, LipoHb did not reduce ischemic energy depletion induced by hypothermic ischemia.

Reportedly RCP provides minimal capillary flow. The hypothesis that optimizing the perfusate composition of RCP would
preserve brain energy metabolism during HCAO 200 Owas tested. RCP with optimized composition perfusaté] pH-stat,
hypertonic LipoHb with high PyOreduced ischemic energy depletion during 20 minutes of HCA at 20 O in rats.

Numerous research works have demonstrated that a high Py, of hemoglobin-based oxygen carriers] HBOCsUOor red blood cells is
advantageous for normoxia, whereas for severe hypoxia a low P, is advantageous. However, recent studies have revealed that
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faster oxygen release from acellular hemoglobin could be disadvantageous because it could lead to regulatory vasoconstriction.
HBOCs with Low Py, are anticipated to deliver oxygen to capillary vessel or ischemic tissue without any induced autoregulation.
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Fig. 1. Mean arterial pressure in the control group and in groups
undergoing rat blood cells solutiorld RBCOor liposome-
encapsulated hemoglobin solutior] LipoHbexchange transfusion
before forebrain ischemia. Values are mean + SD. *P < 0.05 vs.
RBC; *P < 0.01 vs RBC; T P <0.05 vs Controld from Ref.190
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Fig. 2. Representative *P-magnetic resonance spectroscopy] *P -MRSO
spectra at preischemid] AL] 9 minutes of normothermic ischemia
0 BO) 6 minutes after reperfusiori] Clobtained from a rat that had
undergone LipoHb exchange transfusion before ischemia. During
ischemia, the peaks of phosphocreatiné] PCrJand  -adenosine
triphosphaté] ATPOdecreased. The inorganic phosphaté] Pilpeak
increased and moved to the right. Six minutes after reperfusion
O CO all peaks returned to preischemic levels. The distance
between the PCr and Pi peaks represents chemical shiftl] from
Ref.190
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Fig. 3. Changes in intracellular pH during incomplete forebrain ischemia
and reperfusion in the control group and in groups that had
undergone RBC or LipoHb exchange transfusion before ischemia.
Values are means + SD. *P <0.05 vs. RBC; *P < 0.01 vs. RBC; T P
<0.05 vs. Controld from Ref.190
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Fig. 5. Representative 31P-magnetic resonance spectroscopy] 31P-MRS [0
spectra at preischemidl AJ 9 minutes of hypothermic ischemia
0 B0 15 minutes of hypothermic ischemidl CLJ and 6 minutes after
reperfusiori] DOobtained from a hypothermidl 22 [0 Orat without
pretreatment. During 15 minutes of ischemia, the peaks of
phosphocreatind] PCrO0and inorganic phosphaté] PiOmore
gradually decreased or increased than those in normothermia.
However, B -adenosine triphosphaté] 3 -ATPOadversely increased
during ischemia. Nine minutes after reperfusion, all peaks
returned to preischemic levelsd from Ref.270
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0.0030 versus RCP-Saline; § P = 0.0001 versus HCAD from Ref.330
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